Introduction
The rapid increase in the CO 2 concentration in the atmosphere is the cause of the greenhouse effect, which is the main reason for global warming [1] . From a synthetic chemistry point of view, CO 2 is an abundant, non-toxic, non-flammable and renewable carbon resource. Transformation of CO 2 to valuable chemicals, such as alcohols and hydrocarbons, is very interesting [2] . However, CO 2 is the fully oxidized carbon and is very stable. In this respect, development of a highly active catalyst is crucial for CO 2 at 40 kV and 20 mA. A continuous mode was used for collecting data in the 2θ range from 15 • to 80 • at a scanning speed of 5 • min −1 . The surface composition and the binding energy (B.E.) of the catalysts were determined by XPS on an ESCALab 220I-XL electron spectrometer from VG Scientific using 300 W Al-Kα radiation with a hemispherical energy analyser. The binding energies were calibrated with the C 1 s level of adventitious carbon at 284.5 eV as the internal standard reference. The TEM images of the catalysts were obtained using a JEOL-2011 electron microscope operated at 120 kV. The reduction behaviours were studied by H 2 -TPR performed in a conventional atmospheric quartz flow reactor (3 mm i.d.) (AutoChem II 2950 HP Chemisorption Analyzer; Micromeritics). Before the tests, the catalysts were heated at 300 • C for 30 min under Ar at a flow rate of 50 ml min −1 . Then the temperature was reduced to 50 • C and a 10% H 2 -Ar mixture was flowed through the catalyst at a rate of 30 ml min −1 . The temperature was linearly raised from 50 to 800 • C at a heating rate of 10 • C min −1 . The effluent gas was analysed using a thermal conductivity detector (TCD).
(c) CO 2 hydrogenation and hot filtration test
The CO 2 hydrogenation was carried out in a 16 ml Teflon-lined stainless steel reactor in batch operation mode. In a typical experiment, the catalyst (20 mg) and the solvent (DMI; 1.0 ml) were loaded in the reactor. The reactor was flushed three times with CO 2 , and then it was heated to 200 • C. Subsequently, H 2 and CO 2 were charged and the reaction was performed for the desired time. Upon completion of the reaction, the reactor was cooled in ice-water, and then the gas was collected and analysed by HP 4890 GC with a TCD (Carbosieve B column; the GC oven was heated from 80 • C to 200 • C at a rate of 10 • C min −1 and held at 200 • C for 12 min). The liquid products were analysed in a HP 7890B GC with a flame ionization detector (HP-5 column with an optimized temperature programme at a rate of 40 • C min −1 from 40 • C to 270, and then held at 270 • C for 10 min) using toluene as an internal standard. The selectivity of alcohols and hydrocarbons was calculated on the basis of the amount of carbon. In the recycling experiment, the solid catalyst was separated by centrifugation and washed with ether (3 × 3 ml), dried and then used for the next run. The hot filtration test was carried out under typical reaction conditions. After 5 h, the catalyst was filtered, and the resulting filtrate was placed under the same conditions as the original reaction and also followed by GC.
Results and discussion
(a) Characterization of the PtRu/Fe 2 O 3 catalyst Figure 1 71.4 eV and 74.5 eV, which were attributed to the Pt 0 4f 7/2 and 4f 5/2 , respectively [20] . Meanwhile, in the Ru XPS line, the peak that appeared at 461.7 eV was Ru 0 3p 3/2 (figure 2e) [21] . The peak located at 706.8 eV was Fe 0 2p 3/2 [22] . The results indicated that, after the reduction, the Pt and those of the XRD study. The Pt 1 Ru 2 /Fe 2 O 3 catalyst that was used three times was also detected by XPS (figure 2g-i). It was found in the used catalyst, and the Pt and Ru were still immobilized on the Fe 2 O 3 support although they were mostly reduced to Pt 0 and Ru 0 .
The unreduced Pt 1 Ru 2 /Fe 2 O 3 and the fresh catalysts were characterized by TEM. In the unreduced catalyst, there were no Pt and Ru nanoparticles. After the reduction, the Pt and Ru species were reduced to metal nanoparticles with size of 2-5 nm (figure 3).
To test the reduction behaviour of Fe 2 O 3 -supported Pt and Ru, temperature-programmed reduction of H 2 tests were carried out, and the results are shown in figure 4. For comparison, the Fe 2 O 3 support was also prepared and tested. In the curve of figure 4a, two peaks appeared at 382 • C and 550 • C. The first reduction peak at 382 • C was related to the reduction of Fe 2 O 3 to Fe 3 O 4 . The high-temperature reduction peak at 550 • C was attributed to the reduction of Fe 3 O 4 to the FeO species [23, 24] entries 2 and 3) . On the contrary, the bimetallic catalyst Rh 1 Ru 2 /Fe 2 O 3 favoured the generation of C 2+ alcohols with a selectivity of 36.0%, which was much higher than that for methanol (6.3%; table 2, entry 5). As mentioned above, the Fe 2 O 3 -supported bimetallic catalyst showed excellent catalytic performance compared with the Fe 2 O 3 -supported monometallic catalyst. However, this enhancement of the catalytic performance was highly dependent on the composition the bimetallic catalysts, similar to those reported in the literature for other reactions [26, 27] . For example, the selectivities for methanol and higher alcohols were, respectively, 14.5% and 16.8% with the The results demonstrated that the higher CO 2 pressure could give a higher catalytic activity and C 2+ OH selectivity. In general, the rate of hydrogenation is usually slow due to the low solubility of hydrogen in common organic solvents [28] . High-pressure CO 2 can expand the organic solvents [29] , which can enhance the dissolution of the H 2 and improve the efficiency of the reactions [30] . In our work, an increase in CO 2 pressure could increase the concentrations of H 2 and CO 2 , which may be one of the main reasons for the enhanced catalytic activity and selectivity for C 2+ alcohols. The results in table 2 also demonstrate that the higher H 2 pressure enhanced the reactivity mainly due to the fact that the solubility of H 2 in the liquid is higher at a higher H 2 pressure.
(c) Reusability of the catalyst and hot filtration test
The reusability of the Pt 1 Ru 2 /Fe 2 O 3 catalyst was tested. In this experiment, the catalyst was separated from the reaction mixture by a centrifugation method after the reaction, and was used for the next run after it had been washed and dried. The results are shown in figure 5 . It was demonstrated that the catalyst could be re-used at least five times without any obvious change in activity and selectivity. The ICP results showed that the Pt and Ru leaching was 0.8 ppm and 1.3 ppm, respectively, after the reaction. Furthermore, in the hot filtration test, no additional CO 2 was consumed after the catalyst was filtrated off (figure 6). These results and the XPS characterization (figure 2) clearly indicated that the Pt 1 Ru 2 /Fe 2 O 3 catalyst possessed good stability in the catalytic reaction. showed satisfactory activity and selectivity at relatively low temperature (e.g. 200 • C). The reaction efficiency was improved significantly with increasing CO 2 pressure because the solubilities of both CO 2 and H 2 in the reaction mixture were enhanced. The catalyst could be re-used at least five times without reducing the activity and selectivity, indicating good stability of the catalyst. We believe that exploration of multi-metallic catalysts has a bright future for producing C 2+ alcohols under milder conditions.
